Introduction
============

Tumor suppressor protein p53 plays an important role in the survival of cells and control of cell division and growth.[@b1-dddt-12-3741] The importance of this protein comes from its vital role in the initiation of cell apoptosis,[@b2-dddt-12-3741] angiogenesis,[@b3-dddt-12-3741] autophagy,[@b4-dddt-12-3741] and cell cycle control.[@b5-dddt-12-3741] It is believed that impairment of its activity can lead to the development of cancer and tumor progression.[@b6-dddt-12-3741]

Previous research showed that 50% of human cancers express mutated *TP53* gene that would lead to damaged p53 functionality.[@b7-dddt-12-3741] This damaged activity will affect cell proliferation resulting in abrogated cell cycle control leading to cancer development.[@b8-dddt-12-3741] In addition to the mutation of p53 protein, activity of this protein is highly orchestrated by Mdm2 protein as well as ARF. The tumor suppresser ARF has been found to induce cell cycle arrest in a p53-dependent manner by binding to Mdm2 promoting its rapid degradation, leading to stabilization of p53.[@b9-dddt-12-3741]--[@b12-dddt-12-3741]

In normal unstressed cells, p53 is an unstable protein and is present at very low cellular levels, owing to continuous binding to its specific E3 ubiquitin ligase Mdm2, which controls its degradation through the proteasome pathway.[@b13-dddt-12-3741]

It has been proven that overexpression of Mdm2 and subsequent deactivation of p53 protein have a major impact on different cell cycle checkpoints resulting in failure of apoptosis and cancer cell survival. It is well established that abrogating p53/Mdm2 protein binding would lead to the increase of p53 antitumor activities within the cell.[@b14-dddt-12-3741] In fact targeting p53--Mdm2 interaction received great attention in order to restore p53 protein activity and enhance its tumor suppression proprties.[@b2-dddt-12-3741],[@b12-dddt-12-3741],[@b15-dddt-12-3741]--[@b17-dddt-12-3741]

The p53--Mdm2 interaction surface was intensively investigated. Crystallization studies reported that the interaction surface is \~700 Å[@b2-dddt-12-3741] and this surface provides an excellent opportunity for small molecule inhibitors to disrupt p53--Mdm2 interaction. Fourteen amino acids form a deep hydrophobic cavity on the Mdm2 protein structure that can be occupied by small molecule inhibitors. These residues are Leu54, Leu57, Ile61, Met62, Tyr67, Gln72, Val75, Phe86, Phe91, Val93, His96, Ile99, Tyr100, and Ile101.[@b18-dddt-12-3741] On the other hand, three amino acids, namely Phe19, Trp23, and Leu26, from p53 protein are involved directly with Mdm2 interaction surface residues.

For more than 15 years, using several drug discovery techniques, several inhibitors for p53--Mdm2 interaction were reported. Interestingly, these inhibitors showed diversity in their chemical structures. Estrada-Ortiz et al[@b19-dddt-12-3741] have recently published a review listing p53--Mdm2 small molecule inhibitors and listed these molecules according to their chemical structure similarities to nutlins,[@b20-dddt-12-3741] imidazoles,[@b21-dddt-12-3741] imidazothiazoles,[@b22-dddt-12-3741] indoles,[@b23-dddt-12-3741] spirooxindoles,[@b24-dddt-12-3741] pyrrolidines,[@b25-dddt-12-3741] isoquinolines,[@b26-dddt-12-3741] piperidinones,[@b27-dddt-12-3741] morpholinones,[@b28-dddt-12-3741] and benzodiazepines.[@b29-dddt-12-3741] These inhibitors show diverse physiochemical properties that affect their potency, selectivity, and inhibitory effects. Several examples of inhibitors are shown in [Figure 1](#f1-dddt-12-3741){ref-type="fig"} along with their interaction fingerprints with the Mdm2 residues. It can be clearly said that the most dominant interaction in this case is the van der Waal (vdW) contacts, where hydrophobic residues (Val93 and Leu54) are mostly involved in such interactions. Hence, the Mdm2 active site favors ligands with hydrophobic character with multiple aromatic systems.

So far, none of these drugs had reached the clinics yet; some of them are in preclinical trials. Toxicity and drug resistance are still the major challenges of these drugs. Therefore, the need to discover new inhibitors that overcome these two obstacles is a crucial step toward cancer therapy and management. In this study we utilize several computer-aided drug discovery techniques to search for new Mdm2--p53 interaction inhibitors. First, we built a pharmacophore set in the druggable pocket of the Mdm2 protein (where p53 binds), which was used to filter out an initial drug-like ligand library, then the resultant set of potential inhibitors was screened against the targeted protein using docking, and finally, the activity of these inhibitors was evaluated in vitro.

Methods
=======

Molecular modeling
------------------

### Protein and ligand library preparation

The crystal structure of Mdm2 was obtained from the protein data bank (PDB; <http://www.rcsb.org>, 3JZK).[@b30-dddt-12-3741] All solvent molecules were eliminated prior to protein preparation. The MOE 3D protonate module[@b31-dddt-12-3741] was employed to add hydrogen atoms to the protein structure and to assign partial charges to each atom based on the MMFF94× force field.[@b32-dddt-12-3741]

A ligand library of 582,474 compounds was obtained from TimTec Compound Libraries for screening (<http://www.timtec.net/>). The ligands were filtered based on the Veber's rules[@b33-dddt-12-3741] and the Lipinski's rule of five.[@b34-dddt-12-3741] These drug-likeness filters included: molecular weight ≤500 Da, hydrogen bond donor ≤5, hydrogen bond acceptor ≤10, logP ≤5, polar surface area ≤140 Å^2^, and rotatable bonds ≤10. Ligands were protonated/deprotonated based on the wash module in MOE[@b31-dddt-12-3741] and were then assigned partial charges based on the MMFF94× force field.

### Virtual screening

Three pharmacophoric features were created using the cocrystallized Mdm2 inhibitor from the PDB entry 3JZK, including one aromatic, one hydrophobic, and one hydrophobic/aromatic. And as a validation step, a total number of 32 known Mdm2 inhibitors were screened against the pharmacophore, of which 31 were successfully capable of passing the pharmacophore. The parmacophore algorithm was then used to filter the ligand library. In the pharmacophore algorithm, each ligand in the ligand library was placed on the predefined pharmacophore and was then oriented to take the best fit. Only ligands that satisfied the three aforementioned pharmacophoric features were kept in the resulting ligand library.

Subsequently, the cocrystallized ligand was used to define the Mdm2 binding pocket. Then, the prepared and filtered drug-like ligand library was docked into the Mdm2 active site using the grid-based ligand docking with energetics (GLIDE) module of the Schrödinger molecular modeling suite.[@b35-dddt-12-3741] A two-step docking protocol was employed to allow gradual increase in docking precision: standard precision and then extra precision. The top-ranked ligands obtained from the extra-precision docking step were then visually inspected and the ligands that showed convenient binding modes and nice pocket filling were selected for in vitro testing.

Biological assessment of p53/Mdm2 complex-specific enzyme immunoassay
---------------------------------------------------------------------

Capture antibody (100 µL) (from the 250× stock prepared in coating buffer) was dispensed into 96-well plate (96-well high-binding polystyrene microtiter plates, Cat. \#80--1930) using a precision pipet. The plate was sealed and incubated overnight at room temperature (RT) in a microplate reader/incubator (Multiskan™ GO Microplate Spectrophotometer; Thermo Fisher Scientific, Waltham, MA, USA). Each well was aspirated to remove coating solution, and 200 µL of blocking buffer per well was immediately added, and the plate was sealed and incubated for at least 1 hour at RT, after which each well was aspirated to remove blocking solution.

p53 Standard, prepared in assay buffer from the 20× stock (1 µg/mL), was pipetted into the bottom of the appropriate wells (standards and samples) and 50 µL of assay buffer into the blank wells. The plate was then sealed and incubated on a plate shaker for 1 hour at RT.

Mdm2 standard, prepared in assay buffer from the 20× stock (0.32 µg/mL), was pipetted into the bottom of lidded polypropylene micro-vials (the same number as the wells of the plate) and then 5 µL of dimethyl sulfoxide (DMSO), samples, and nutlin (the control Mdm2 inhibitor) were added to the appropriate micro-vial; both samples and nutlin were dissolved in DMSO (20 µM). Then, the contents of each vial were mixed well using several pipetting and releasing motion.

After mixing, the samples were incubated for 1 hour at RT in an incubator (WiseCube incubator; witeg Labortechnik GmbH, Wertheim, Germany).

Subsequently, 50 µL of Mdm2 mixtures were added to the appropriate P35-containig wells and the plate was incubated on a plate shaker for 1 hour at RT.

The contents of the wells were emptied and washed by adding 400 µL of wash buffer to every well. This was repeated thrice for a total of four washes. After the final wash, the wells were aspirated and the plate was firmly tapped on a lint-free paper towel to remove any remaining wash buffer. Diluted Mdm2 detection antibody (from the 250× stock prepared in assay buffer) was added into each well, except the blank well. The plate was sealed and incubated on a plate shaker for 1 hour at RT. Then the wells were aspirated and washed by adding 400 µL of wash buffer to every well. This was repeated for a total of four washes. After the final wash, the wells were aspirated and the plate was firmly tapped on a paper towel to remove any remaining wash buffer.

Afterward, 100 µL of the diluted streptavidin-horseradish peroxidase conjugate was added into each well except the blank well. The plate was then sealed and incubated on a plate shaker for 30 minutes at RT, and the wells were aspirated and washed four times as previously mentioned. Then, 100 µL of 3,3′,5,5′-tetramethylbenzidine solution was added into each well, and the plate was sealed and incubated on a plate shaker for 30 minutes at RT. Finally, 100 µL 1N HCl was pipetted into each well.

After blanking the plate reader against the substrate, OD at 450 nm was measured. All the results were computed and expressed as mean±SD from three determinations performed in duplicates (n=6). Inhibitory concentration of 50% of the sample (IC~50~) values were derived from a sigmoidal dose-- response (variable slope) curve using GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA, USA).

### Cells and cell culture conditions

The human breast adenocarcinoma MCF-7, the human ductal carcinoma T47D, the human basal triple-negative breast cancer (mammary gland) MDA-231, and human skin fibroblast cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown and maintained in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS and penicillin (100 U/mL) and were incubated at 37°C in a humidified atmosphere of 95% O~2~ and 5% CO~2~. The cells were seeded at a density of 6−8×10^3^ cells/well in 96-well plates and incubated for 24 hours for adhesion.

### Cell proliferation assay (MTT)

The MTT colorimetric assay was performed to assess cell proliferation as previously described.[@b36-dddt-12-3741] In short, test samples were prepared by dissolving the inhibitors in DMSO followed by further dilution with DMEM to reach the desired final concentration. The final DMSO concentration in the assay was kept as low as 1%. Test samples were applied to the wells and incubated for a period of 48 hours. MTT solution was added to each well and incubated for 4 hours at 37°C. DMSO was added to each well to solubilize the formed purple formazan crystals before absorbance is read using a microplate reader at 570 nm. Doxorubicin was used as the positive control and 1% DMSO in DMEM was used as the solvent control.

### Assessing structural similarities with known Mdm2 inhibitors

To assess the structural similarities of the synthesized compounds with some known Mdm2 inhibitors, the 2D fingerprint calculation method from the MOE-Similarity function was used where a 2D fingerprint was generated for each ligand using the MACCS (structural keys) and Tanimoto coefficient calculation. It is a method that encodes the structural features of molecules as bit strings, where each bit indicates the presence or absence of predefined structural and chemical patterns such as atom sequences, electronic configurations, atom pairs, and ring systems. Ligands from all crystal structures that were used to generate the pharmacophore were examined as known Mdm2 inhibitors. All ligands were evaluated based on MACCS similarity with one inhibitor at a time as query source.

Results and discussion
======================

Interaction between Mdm2 and p53 received huge attention from scientists in the past, and researchers are still looking for inhibitors for this interaction due to the important role it plays in the induction of apoptosis and cancer cell survival.

The focus of this study was on finding new inhibitors for this interaction using multiple drug discovery techniques. We started with generating a 3D pharmacophore using a cocrystallized Mdm2 inhibitor. The pharmacophore was created inside the p53 binding pocket on the Mdm2 protein, and it contained three pharmacophoric features (one aromatic, one hydrophobic, and one hydrophobic/aromatic) as shown in [Figure 2](#f2-dddt-12-3741){ref-type="fig"}. As a validation step, a total number of 32 known Mdm2 inhibitors were screened against the three-set pharmacophore of which 31 were successfully capable of passing the pharmacophore. Consequently, pharmacophore-based screening was conducted on a commercial drug-like ligand library (582,474 compounds) to filter out all compounds that did not match the required features.

In the next step, receptor-based virtual screening was performed using GLIDE docking to screen the remaining ligand library (which passed the Mdm2 inhibitor pharmacophore) according to the docking protocol shown in [Figure 3](#f3-dddt-12-3741){ref-type="fig"}. The top-scoring 500 compounds were visually checked for their fitting into the p53 binding site of the Mdm2 protein, and 40 of which were selected for experimental testing.

Inhibitory activity of the tested compounds was measured by IC~50~. The outcomes of the in vitro biological testing showed that the examined compounds have strong inhibitory effect, interestingly, all of which showed IC~50~ values in the submicromolar level ([Table 1](#t1-dddt-12-3741){ref-type="table"}). Furthermore, compound S02 exhibited potent inhibitory activity that is comparable to Nutlin 3a (IC~50~ was 0.42 and 0.30 µM, respectively). This ability to interfere with Mdm2--p53 interaction is mainly attributed to the presence of the previously mapped pharmacophoric features required for Mdm2 binding, indicating the importance of combining pharmacophore screening and docking in the virtual screening protocol to predict compounds with strong inhibitory effects.[@b37-dddt-12-3741],[@b38-dddt-12-3741]

Docked compounds showed different binding modes in the active site. These compounds bind to the Mdm2 protein by interacting with key residues, such as Leu54, Leu57, Gly58, Ile61, Met62, Val93, His96, Ile99, and Tyr100. Interestingly, compound S01 interacts with Gly58 in Mdm2 active site ([Figure 4](#f4-dddt-12-3741){ref-type="fig"}), which is not a common interaction formed by Mdm2 cocrystallized inhibitors. S01 belongs to triazolopyrimidine structural scaffold, which, to our knowledge, has never been discovered as Mdm2--p53 interaction inhibitor.

Compound S02 was the most potent compound from the docked ligands to the Mdm2 active site with IC~50~=0.42 µM. Visual examination of the docked position of the ligand showed several interactions between the ligand and Mdm2 protein ([Figure 5](#f5-dddt-12-3741){ref-type="fig"}). It forms hydrogen bond interaction with Leu54 and also produces Van der Waals interaction with Met62. Moreover, π-hydrogen interactions were formed between S02 and multiple residues such as His96, Val93, and Ile99. S02 belongs to the quinazolinone family that was previously reported to restore the p53 function via reacting with the p53 protein itself rather than binding to Mdm2, where S02 is suggested to bind.[@b39-dddt-12-3741]

S05 is another interesting hit which exhibits the most potent anticancer activity (as shown in [Figure 5](#f5-dddt-12-3741){ref-type="fig"}). It is a furan derivative, and this class of compound has been reported before as Mdm2 inhibitor, however, the furan ring usually takes the center of the molecule where other aromatic/heteroaromatic ring (needed for binding) branches from. S05 has amide moiety in the middle where three aromatic rings branch and satisfy the required pharmacophore. This compound has got a nice filling to the p53 binding pocket in addition to several polar contacts with the surrounding residues, as shown in [Figure 6](#f6-dddt-12-3741){ref-type="fig"}. The ability to interfere with Mdm2--p53 interaction is mainly attributed to the presence of the previously mapped pharmacophore (not only in S05 but also in S01 and S02), indicating the importance of combining pharmacophore screening and docking in the same structure-based design protocol to predict compounds with strong inhibitory effects.[@b37-dddt-12-3741],[@b38-dddt-12-3741]

The last two discovered hits, S25 and S27, also exhibited convincing binding mode inside the Mdm2 pocket, having good shape complementarity with the binding site. S25 showed several hydrogen--arene interactions in addition to a hydrogen bond with the side chain of Leu54 ([Figure 7A](#f7-dddt-12-3741){ref-type="fig"}). S27 is an analog of S05 and another Mdm2 inhibitor that belongs to the furan ring family, with good binding mode ([Figure 7B](#f7-dddt-12-3741){ref-type="fig"}). Both S25 and S27 have three hydrophobic groups that satisfy the three general pharmacophoric features of Mdm2 inhibitors and hence exhibit interesting binding and activity against Mdm2 protein.

To further evaluate the activity of the presumed inhibitors, they were tested against the breast cancer cell lines MCF-7, T47D, and MDA231. Estrogen receptor a (ERa+) breast cancer cells, such as MCF-7 and T47D cell lines, are often reported to express wild-type p53.[@b40-dddt-12-3741],[@b41-dddt-12-3741] On the other hand, more aggressive breast cancers, represented by the estrogen receptor negative breast tumor cell line MDA231, are reported to have either a mutant or nonfunctional p53 protein with significantly reduced expression of Mdm2. In an attempt to study the differential effects of the presumed inhibitors on diverse subtypes of breast cancer, the ER+ and ER−, we studied the direct anticancer activity of these inhibitors on the model breast cancer cell lines. Interestingly, we show that the examined inhibitors demonstrated preferential antiproliferative activity on the ER+ cell lines, MCF-7 and T47D, as illustrated in [Figure 8](#f8-dddt-12-3741){ref-type="fig"}. The positive control nutlin confirmed this observation with the same trend of activity. The reduced activity in ER− cells can be explained in the light of reduced expression of both p53 and Mdm2 proteins in MDA231 cell line.[@b40-dddt-12-3741],[@b41-dddt-12-3741] Interestingly, there was no significant change to the human fibroblast cell proliferation, relative to the nontreated control, after exposure to any of the presumed inhibitors for 48 hours, suggesting a reasonable safety margin to normal human cells.

To understand the structural novelty of these hit compounds, the similarity scores with previously reported inhibitors (from the database used in pharmacophore generation) were calculated. As shown in [Table 2](#t2-dddt-12-3741){ref-type="table"}, compound S01 has shown the highest similarity with a chromenotriazolopyrimidine compound (PDB: 3JZK), obviously sharing the triazolopyrimidine ring in their structures. On the other hand, all other four hits showed less than 60% overlapping. Overall, this study generated novel hits with newly discovered structural cores that could act as starting point for clinically useful anticancer agents.

Conclusion
==========

Mdm2--p53 protein--protein interaction is an interesting model for scientists to target and discover new anticancer drugs. In this study, we tried to discover new potential inhibitors through the deployment of several molecular modeling tools such as pharmacophoric mapping and ligand-based protein docking. Biological evaluation of the top docked compounds was done by ELISA which provided a good validation technique for the activity of the potential inhibitors. Accordingly, selected compounds from the molecular docking were biologically tested against Mdm2--p53.

Many compounds exhibited potential anticancer activity when examined against different subtypes of breast cancer cell lines, mainly compound S02 showed interesting binding activity to Mdm2 protein, predicted by docking to pose several hydrogen bonds, Van der Waals forces, and π-hydrogen interactions. Another interesting compound is S01 that was found to bind Gly58 in Mdm2 active site, a noncanonical interaction formed by Mdm2 cocrystallized inhibitors. S01 belongs to triazolopyrimidine, which, to our knowledge, has never been reported to block Mdm2--p53 interaction.

These compounds can represent a starting point for further structure--activity relationship studies in the future and hopefully help find new potent inhibitors.
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![Various families of Mdm2 inhibitors shown along with their interaction fingerprints.\
**Notes:** c indicates contact interaction, a indicates hydrogen bond acceptor, i indicates ionic interaction.](dddt-12-3741Fig1){#f1-dddt-12-3741}

![The Mdm2 inhibitor 3D pharmacophore, used to filter out the initial drug-like library, is shown inside the pocket of Mdm2 protein (shown as surface).\
**Abbreviations:** Aro, aromatic; Hyd, hydrophobic.](dddt-12-3741Fig2){#f2-dddt-12-3741}

![The drug design approach employed in this study to discover new Mdm2--p53 inhibitors.\
**Abbreviations:** GLIDE, grid-based ligand docking with energetics; SP, standard precision; XP, extra precision.](dddt-12-3741Fig3){#f3-dddt-12-3741}

![The docked ligand pose of S01 with the p53 binding site of the Mdm2 protein.\
**Note:** Hydrogen bonding is shown in blue and π-hydrogen is shown in green.\
**Abbreviations:** Aro, aromatic; Hyd, hydrophobic.](dddt-12-3741Fig4){#f4-dddt-12-3741}

![The docked ligand pose of S02 with the p53 binding site of the Mdm2 protein.\
**Note:** Hydrogen bonding is shown in blue and π-hydrogen is shown in green.\
**Abbreviations:** Aro, aromatic; Hyd, hydrophobic.](dddt-12-3741Fig5){#f5-dddt-12-3741}

![The docked ligand pose of S05 with the p53 binding site of the Mdm2 protein.\
**Note:** Hydrogen bonding is shown in blue and π-hydrogen is shown in green.\
**Abbreviations:** Aro, aromatic; Hyd, hydrophobic.](dddt-12-3741Fig6){#f6-dddt-12-3741}

![Protein--ligand interaction diagram of S25 (**A**) and S27 (**B**).](dddt-12-3741Fig7){#f7-dddt-12-3741}

![The IC~50~ values (µM) of the examined inhibitors on three human breast cancer cell lines.\
**Note:** Values are expressed as mean±SD of three independent experiments (n=6).\
**Abbreviation:** IC~50~, inhibitory concentration of 50% of the sample.](dddt-12-3741Fig8){#f8-dddt-12-3741}

###### 

Inhibition activity of the tested top docked compounds along with Nutlin 3a[@b20-dddt-12-3741] against the Mdm2--p53 interaction using ELISA

  Compound    2D structure   TimTec code   Docking score   IC~50~ (±SE) μM
  ----------- -------------- ------------- --------------- -----------------
                                                           
  S01                        ST054022      −7.16           0.54±0.037
  S02                        ST094416      −7.18           0.42±0.036
  S05                        ST45218648    −7.46           0.87±0.160
  S25                        ST005927      −7.63           0.66±0.083
  S27                        ST50128825    −7.53           0.73±0.104
  Nutlin 3a                  --            −7.472          0.30±0.045

**Abbreviation:** IC~50~, inhibitory concentration of 50% of the sample.

###### 

Similarity scores of the newly discovered compounds compared to previously known inhibitors

  Hits   2D structure   Previously reported inhibitor (PDB source)   2D structure   Overlapping
  ------ -------------- -------------------------------------------- -------------- -------------
  S01                   3JZK                                                        73%
  S02                   4OQ3                                                        53%
  S05                   4JV7                                                        59%
  S25                   4DIJ                                                        44%
  S27                   4JV9                                                        58%

**Abbreviation:** PDB, protein data bank.
